peated attempts to lose weight by temporary dieting may result in weight cycling, eventually further gain of body fat, and possible metabolic adaptation. We tested this with a controlled experiment in C57BL/6J mice subjected to four weight cycles (WC), continuous hypercaloric feeding (HF), or low-fat feeding (LF). To search for genes involved in an adaptive mechanism to former weight cycling and avoid acute effects of the last cycle, the last hypercaloric feeding period was prolonged by an additional 2 wk before euthanization. Total energy intake was identical in WC and HF. However, compared with HF, the WC mice gained significantly more total body mass and fat mass and showed increased levels of circulating leptin and lipids in liver. Both the HF and WC groups showed increased adipocyte size and insulin resistance. Despite these effects, we also observed an interesting maintenance of circulating adiponectin and free fatty acid levels after WC, whereas changes in these parameters were observed in HF mice. Global gene expression was analyzed by microarrays. Weight-cycled mice were characterized by a downregulation of several clock genes (Dbp, Tef, Per1, Per2, Per3, and Nr1d2) in adipose tissues, which was confirmed by quantitative PCR. In 3T3-L1 cells, we found reduced expression of Dbp and Tef early in adipogenic differentiation, which was mediated via cAMP-dependent signaling. Our data suggest that clock genes in adipose tissue may play a role in metabolic adaptation to weight cycling. caloric restriction; metabolism; clock genes; obesity; adipokines WEIGHT CYCLING RESULTING FROM INTERMITTENT OVEREATING and dieting represents a major challenge for many individuals (27, 58, 63) and may ultimately promote further expansion of adipose tissue (11, 32, 46, 53, 65) . Evolutionary conserved molecular mechanisms allow fine-tuning of metabolic processes to environmental cues. Fat storage is a key evolutionary process conducive to survival in organisms ranging from the worm C. elegans to humans (41). The adipocyte, being the primary fat-storing cell, responds to changes in energy availability in part by releasing the peptide hormones leptin and adiponectin. These potent hormones exert local, central, and peripheral effects, coordinating the systemic response to fasting/refeeding cycles by modulating energy storage/expenditure, appetite, biological rhythms, and other functions. In adipose tissue, signals such as leptin may modulate the capacity for lipogenesis in response to weight fluctuations, predisposing to compensatory fat regain during subsequent energy surplus (28, 29, 59 ). Identification of novel genes associated with a history of weight cycling may provide novel molecular insight into the evolutionary adaptation to variable availability of energy.
ing/refeeding cycles by modulating energy storage/expenditure, appetite, biological rhythms, and other functions. In adipose tissue, signals such as leptin may modulate the capacity for lipogenesis in response to weight fluctuations, predisposing to compensatory fat regain during subsequent energy surplus (28, 29, 59) . Identification of novel genes associated with a history of weight cycling may provide novel molecular insight into the evolutionary adaptation to variable availability of energy.
To our knowledge, there are no reports on the genome-wide transcriptional responses to weight cycling in adipose tissues. In rats, it has been shown previously that weight cycling increases feed efficiency (the weight gained relative to the amount of energy ingested) and resistance to weight loss after weight cycling (9, 23, 51) . There are conflicting reports (18, 34) , but these diverging results might be explained by different protocols for weight cycling. The seemingly paradoxical synergistic actions of insulin/IGF-I and cAMP signaling during initiation of adipocyte differentiation in vitro are remarkable and contrast the normal interplay between insulin and cAMP signaling in liver, muscle, and mature adipocytes (39, 52) . Aiming to recreate this concurrence of fasting/refeeding adipogenic signals in vivo, we switched C57BL/6J mice to 10-day periods of hypercaloric feeding immediately after 4-day periods of energy restriction. We hypothesized that this weight cycling protocol would increase adipocyte recruitment and fat mass development compared with isocaloric continuous hypercaloric feeding. Moreover, by transcriptomic analysis, we wanted to identify novel patterns of gene expression in adipose tissue that could be involved in mediating such an effect. To focus on adaptive responses due to the whole weight cycling experiment, and to avoid acute effects of the last 10-day period of weight rebound, the mice were on ad libitum hypercaloric feeding for an additional 2 wk before euthanization.
We report greater increase in total body mass and fat mass after weight cycling despite identical energy intake compared with continuous hypercaloric feeding. This phenotype was associated with altered expression of clock genes in adipose tissue, which may be involved in the metabolic adaptation to weight cycling.
MATERIALS AND METHODS
Weight cycling experiment. The study was approved by the Norwegian State Board of Biological Experiments with Living Animals. Thirty-six male C57BL/6J BomTac mice were obtained from Taconic Europe (Ejby, Denmark). At 28 Ϯ 2°C with 50% humidity, the mice Adipose tissue histology. To obtain representative samples of adipose tissues, inguinal and epididymal fat were taken in their entirety from one side of the animal. Each depot was weighed and then equally divided into four pieces and fixed overnight at 4°C by immersion in phosphate-buffered 4% paraformaldehyde. Samples were then dehydrated and embedded in paraffin. A 5-m-thick section was taken from each of the four embedded tissue pieces and stained by hematoxylin and eosin (H & E). Three to six microscopic images from five mice per group were taken from random places of each section. The area of each intact cell on each image was measured by drawing the circumference using the Image J open source software, resulting in more than 1,200 cell measurements per fat depot in each mouse. The average adipocyte volume (m 3 ) was then extrapolated. Total adipocyte number in each fat pad was estimated by dividing the estimated fat depot volume by average adipocyte volume.
In vitro adipocyte differentiation. 3T3-L1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with high glucose (4.5 g/l) containing 10% calf serum and 1% penicillin and streptomycin and were allowed to grow to 100% confluence in six-well plates. Two days after confluence (day 0), differentiation was induced by a 2-day treatment with the synthetic glucocorticoid dexamethasone (0.5 mM), insulin (175 nM), phosphodiesterase inhibitor methylisobutylxanthine (IBMX; 0.5 M), and 10% fetal bovine serum (FBS). On day 2, the medium was changed to DMEM with 10% FBS and 175 nM insulin. On day 4, the medium was changed to DMEM supplemented only with 10% FBS, and the cells were then allowed to develop until day 10 .
To collect cell lysates for quantitative PCR (qPCR), each well in one six-well plate was washed with 2 ml of room-tempered PBS before 350 l of buffer RLT (Qiagen) or 500 l of TRI Reagent (Sigma Aldrich) was added, followed by scraping and transfer to 1.5-ml eppendorf tubes. The lysates were vortexed for 10 s, spun down, and stored at Ϫ80°C.
RNA purification. To homogenize mouse inguinal and epididymal white adipose tissues, ϳ100 mg of frozen tissue was transferred to 2-ml microcentrifuge tubes with round bottoms. One ml of Qiazol (Qiagen) and a stainless-steel bead 5 mm in diameter were added immediately before shaking in a TissueLyser II (Qiagen) three times at 25 Hz for 2 min. RNA was extracted using the RNeasy Lipid Tissue Mini Kit together with the On-Column DNase digestion with the RNase-Free DNase set (Qiagen) according to the protocol of the manufacturer. RNA from the primary human adipose culture was purified in a QIAcube using the RNeasy Lipid Tissue Mini Kit (Qiagen). The quantity and quality of RNA was analyzed by the NanoDrop ND-1000 spectrophotometer and the Agilent 2100 BioAnalyzer (Agilent RNA 6000 Nano Kit).
Microarray analysis. Global gene expression was measured in inguinal white adipose tissue (iWAT), epididymal white adipose tissue (eWAT), and interscapular brown adipose tissue (iBAT) from the WC and HF groups by Illumina microarray analysis. A random sample from each group was excluded to comply with the microarray format with multiples of eight samples, resulting in 10 samples for eWAT and 64 samples in total. Each group had 11 iWAT and iBAT samples and 10 eWAT samples. The microarrays (MouseRef-8 version 2.0 Expression BeadChip) contained 25,697 unique probes representing ϳ19,100 unique genes. Four-hundred nanograms of RNA from each sample was reversely transcribed, amplified, and labeled with biotin-16-UTP using the Illumina TotalPrep RNA Amplification Kit Ambion, using an Eppendorf Mastercycler (Applied Biosystems/ Ambion). Seven-hundred fifty nanograms cRNA of each sample was hybridized to the MouseRef-8 version 2.0 Expression BeadChip according to the manufacturer's protocol. Signal detection was performed using the Illumina iScan Reader. All RNA integrity numbers were Ͼ7.5. Raw data were imported and analyzed in J-Express (10) . Rank product analysis (8) was used to compare global gene expression in the WC and HF groups.
cDNA synthesis and qPCR. cDNA was synthesized from 300 ng of total RNA using the SuperScript VILO cDNA Synthesis Kit. Reaction and enzyme mixtures were added to the samples along with PCR-grade water to adjust to a total volume of 20 l. The samples were then run in the thermal block cycler GeneAmp PCR System 9700 at 25°C for 10 min, 42°C for 60 min, and finally at 85°C for 5 min. The samples were diluted 10-fold with PCR-grade water and stored at Ϫ20°C.
qPCR was performed using the LightCycler 480 Probes Master kit and a LightCycler 480 (Roche). Primers and probes were designed using the Universal Probe Library online design center (www.rocheapplied-science.com) ( Table 1) . Primers were obtained from SigmaAldrich (www.sigmaaldrich.com/configurator/servlet/DesignCenter). Amplification efficiency of target genes was assessed by running 1:5 or 1:10 dilution standard curves based on concentrated cDNA of mouse or human origin. Mouse and human target gene concentrations were calculated relative to the mRNA concentration of reference genes Rplp0 and IPO8, respectively.
Statistical analyses. Rank product analysis and Significance of Microarray Analysis were performed using J-Express 2009 (10) . All other statistical analyses in this study were performed with PASW Statistics 18 for Windows. Statistical hypothesis testing was performed using one-way ANOVA and Tukey's HSD test (for normally distributed data, presented as mean) or nonparametric Kruskal-Wallis one-way ANOVA test for nonnormally distributed data (presented as median). Normality was determined by the Shapiro-Wilk test (P Ͼ 0.05).
RESULTS

Increased body weight after weight cycling.
Measurements of body mass, total energy intake, body composition, and blood values for the mice on low-fat diet (LF), continuous HF, and alternate hypercaloric and calorie-restrictive feeding (weight cycling) are shown in Table 2 . There were significant differences between the three groups in body mass development (P ϭ 0.004), total energy intake (P Ͻ 0.001), and feed efficiency (body mass gained per calorie) (P ϭ 0.025) ( Table 2 and Fig. 1 ). Importantly, multiple comparison testing showed that although total energy intake was identical in the WC and HF mice at the end of the experiment, WC mice gained significantly more body mass compared with HF mice (means Ϯ SE; 12.4 Ϯ 0.8 compared with 10.0 Ϯ 0.4 g, P ϭ 0.026) and LF mice (P ϭ 0.004), but no difference was found when the HF and LF mice were compared (P ϭ 0.734) ( Table 2 and Fig. 1A ). WC mice showed higher energy intake than LF and HF mice in the periods following energy restriction (Fig. 1B) . Still, overall feed efficiency was significantly higher in WC than HF-fed mice (P ϭ 0.020; Table 2 and Fig. 1C ). Although both WC and HF mice had increased total caloric intake compared with LF mice (P Ͻ 0.001), there was no significant difference in overall feed efficiency between the HF and LF mice (P ϭ 0.561) ( Table 2 and Fig. 1C ). Of note, because the mice were young and growing, feed efficiency was higher in all groups during the first part of the study. Although total energy intake was identical in the HF and WC groups, differences in energy intake during the last days of the experiment could directly affect metabolic parameters measured at euthanization, potentially masking adaptive effects of the weight cycling intervention. As for the whole period, energy intake during the last 2 wk was significantly lower in the LF group (147 Ϯ 4.85 kcal) compared with WC (172 Ϯ 1.31 kcal) and HF (169 Ϯ 2.15 kcal) (P Ͻ 0.0001). Importantly, however, there was no difference in energy intake between WC and HF during the last 2 wk of the study (P ϭ 0.756). Thus, WC mice continued to gain more body mass than HF mice during the last 2 wk (1.28 Ϯ 0.22 compared with 0.28 Ϯ 0.18 g, P ϭ 0.007) despite the identical energy intake in this period, demonstrating maintenance of higher feed efficiency (P ϭ 0.028). There was no significant difference in body mass between LF and HF mice during the last 2 wk (P ϭ 0.988).
To determine where energy surplus was stored in response to the different diets, we weighed adipose tissues, muscle, and liver. There were significant differences between the three groups for iWAT (P ϭ 0.019) and eWAT (P ϭ 0.001) but not for iBAT (P ϭ 0.066), liver (P ϭ 0.170), or tibial muscle (P ϭ 0.152) ( Table 2 and Fig. 1D ). eWAT weight was higher in the WC mice compared with HF and LF mice (P ϭ 0.001 and P ϭ 0.014, respectively), but no difference was found between HF and LF mice (P ϭ 0.634). Moreover, compared with LF mice, the mean mass of iWAT was significantly higher in WC mice (P ϭ 0.017) but not in HF mice (P ϭ 0.666). Although total liver mass was not different between the groups, there could still be differences in hepatic lipid concentrations that are indicative of metabolic dysregulation. The amount of diacylglycerol and triacylglycerol in the liver differed significantly between the groups (P ϭ 0.017 and P ϭ 0.02, respectively; Table 2 ). Multiple comparison testing showed that the levels of diacylglycerol and triacylglycerol in the liver of WC mice were significantly higher than in LF mice (P ϭ 0.019 and P ϭ 0.001, respectively) but not compared with HF mice (P ϭ 0.831 and P ϭ 0.089, respectively). A similar result was obtained for circulating alanine ALT, a marker of pathological hepatic triacylglycerol accumulation ( Table 2 ). The significant difference in ALT between the groups (P ϭ 0.004) was due to elevated ALT levels in WC relative to LF mice (P ϭ 0.003), as there was no significant difference between WC and HF mice (P ϭ 0.187) or between HF and LF mice (P ϭ 0.155). We next attempted to assess differences in the number and size of adipocytes between the groups, since the gain of adipose mass must have been due to either of these changes. ANOVA showed a significant difference in average iWAT adipocyte size between the groups (P ϭ 0.006) (n ϭ 5/group for all histological analyses). iWAT adipocytes in WC and HF mice were on average larger than in LF mice (P ϭ 0.010 and P ϭ 0.013, respectively), but despite greater total iWAT mass (Fig. 1D) , the WC mice did not show a further increase in iWAT adipocyte size compared with HF (P ϭ 0.990) ( Table 2 and Fig. 2 ). In eWAT, adipocyte size was on average ϳ1.5-fold higher after WC compared with LF, but this was significant only without controlling for multiple testing (P ϭ 0.048). By assessing adipocyte size distribution, there appeared to be a shift from small to larger adipocytes in eWAT of WC compared with HF mice (Fig. 2, C and F) . Total adipocyte number differed significantly between the groups in iWAT (P ϭ 0.042) but not in eWAT (P ϭ 0.352) ( Table 2 and Fig. 2 ). Of note, although iWAT in LF mice showed an ϳ2.5-fold higher number relative to HF mice (P ϭ 0.034), there was no such difference relative to WC mice (P ϭ 0.446), suggesting a relative maintenance of adipocyte number in WC mice. Taken together, the increased fat mass in WC could not be ascribed clearly to either adipocyte size or number alone.
Circulating hormones, glucose, and lipids. Although there were no significant differences in fed-state plasma insulin (P ϭ 0.522) or glucose (P ϭ 0.625) between WC, HF, and LF mice (Table 2) , there was a difference in glucose tolerance (mean area under the curve for blood glucose) (P ϭ Ͻ 0.001; Table 2 and Fig. 3 ). LF mice were more glucose tolerant than both HF and WC (P ϭ 0.001 and P Ͻ 0.001, respectively), but no difference was observed between HF and WC (P ϭ 0.532) despite the higher fat mass in the WC mice (Table 2 and Fig. 3 ).
It was expected that the hypercaloric feeding would alter circulating levels of lipids and adipokines. Total plasma cholesterol levels were increased similarly in HF and WC compared with LF mice (ϳ1.3-fold, P Ͻ 0.001) ( Table 2 ). The mean concentration of free fatty acids (FFA) (P ϭ 0.039), adiponectin (P ϭ 0.016), and leptin (P ϭ 0.004) differed between the groups (Table 2) . Compared with LF diet, the HF mice had significantly higher circulating FFA levels and lower adiponectin levels (P ϭ 0.030 and P ϭ 0.012, respectively; Table 2 ). On the other hand, despite their greater fat mass, the WC mice did not show a significant increase in FFA or Results are given as means Ϯ SE; P values were calculated by 1-way ANOVA. iWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue; iBAT, interscapular brown adipose tissue; AUC, area under the curve; ALT, alanine transanimase. aAnalysis of variance was used to calculate the between-group differences.
b Feed efficiency was defined as the total weight gain relative to total energy intake. c WAT and BAT taken from the inguinal (iWAT, iBAT) and the epidydimal (eWAT) storage compartments.
d Cell count was performed based on slides from 5 mice/group; e6 and e7 indicate that the numbers should be multiplied by 1 million and 10 million, respectively, representing the total no. of cells in the tissues.
e Glucose tolerance were calculated as the total AUC (mmol·l reduction in adiponectin levels compared with LF diet (P ϭ 0.360 and P ϭ 0.332, respectively). Although there were no statistically significant differences in FFA and adiponectin between WC and HF mice (P ϭ 0.404 and P ϭ 0.199, respectively; Table 2 ), adiponectin correlated negatively with eWAT mass within the HF group (P ϭ 0.005) but showed no such relationship within the WC group (P ϭ 0.750) ( Table 3) . There was no significant correlation between adiponectin and feed efficiency (Table 3) . Moreover, the circulating concentration of leptin was significantly higher in the WC group compared with both the LF and HF groups (P ϭ 0.004 and P ϭ 0.025, respectively), but no difference was found when the HF and LF mice were compared (P ϭ 0.749). Leptin correlated positively with eWAT mass within both the HF and WC groups (P Յ 0.043) and with iWAT within the WC group (P ϭ 0.026) (Table 3) . Interestingly, there was a strong positive correlation between plasma leptin and feed efficiency within the WC group (P ϭ 0.006) but not within the HF group (P ϭ 0.424) ( Table 3) . Taken together, the data show that WC promoted increased fat storage efficiency relative to HF, whereas the levels of circulating FFA and adiponectin did not differ significantly from those of LF mice.
Depot-specific transcriptional responses. To obtain a global view of the effect of weight cycling on gene expression in adipose tissues, we performed a microarray-based analysis on gene expression in iWAT, eWAT, and iBAT using Illumina microarrays. A rank product analysis (8) was performed to identify differentially expressed genes between WC and HF in each fat pad (Supplemental Data Sets S1-S3; Supplemental Material for this article is available online at the AJP-Endocrinology and Metabolism web site). Because eWAT contributed more to the increased fat mass after weight cycling, we searched for genes responding more strongly to weight cycling in eWAT than in iWAT, as these genes may be related to the eWAT mass development. Comparing WC and HF mice, five transcripts (Fgf13, Ubd, Tph2, Sfrp5, and Lipf) were more upregulated, and two transcripts (Mycl1 and Inmt) were more downregulated after WC in eWAT than in iWAT (Ն1.2-fold greater WC/HF ratio in eWAT compared with iWAT) (Table  4) . Although the expression of these genes did not correlate significantly with eWAT or iWAT mass, the upregulated genes were positively correlated with feed efficiency within the WC group but not within the HF group (Table 5) . On the other hand, the two downregulated genes (Mycl1 and Inmt) showed significant correlation with leptin only within the WC group (Table 5) , whereas most of the upregulated genes correlated significantly with leptin within both the HF and WC group. In iWAT, three genes were more upregulated (Apoa1, Apoa2, and Fig. 1 . Weight cycling led to increased feed efficiency, hyperglycemia, and fat mass. Young male C57BL/6J mice were fed low-fat or high-fat/high-sucrose diet with or without intermittent periods of energy restriction for a total of 11 wk. A: body weight development throughout the experiment. B: energy intake (kcal) during hypercaloric feeding and energy restriction periods. C: feed efficiency (weight gained relative to the amount of energy ingested) for each 10-day period of weight regain after energy restriction. D: tissues were dissected and weighed on the final day of the experiment. All data are presented as means Ϯ SE (n ϭ 11/group). *P Ͻ 0.05 vs. continuous hypercaloric feeding. iWAT, inguinal white adipose tissue; eWAT, epididymal white adipose tissue; iBAT, interscapular brown adipose tissue. Ambp), whereas none were more downregulated compared with eWAT after WC (data not shown).
Moreover, we hypothesized that gene networks altered in eWAT might describe molecular processes underlying the increased feed efficiency after WC. Gene ontology analysis was performed on differentially expressed genes in eWAT that were defined to be unaffected in iWAT [63 transcripts with higher expression (Supplemental Data Set S4) and 46 transcripts with lower expression (Supplemental Data Set S5) after WC compared with HF, fold change Ͼ1.2, eWAT q value Ͻ 0.05, and iWAT q value Ͼ 0.95]. Based on PANTHER gene ontology analysis, there was an overrepresentation of upregulated eWAT-related genes in the functional categories of development, angiogenesis, lipid transporter activity, and inflammation (Table 6 ). Of particular note, genes encoding markers of proinflammatory macrophages were upregulated after WC in eWAT but not in iWAT, including Ccl2/Mcp-1, Cd68, and Lgals3/Mac-2 (Supplemental Data Set S4). For downregulated eWAT-related genes after WC, there was an overrepresentation of genes involved in defense response to bacterium (Defb11, Defb20, Defb37, and Defb38) and oxygen and reactive oxygen species metabolism (Supplemental Data Set S5). In comparison, in iWAT there were only two upregulated genes (Npm3 and Eepd1) and 14 downregulated genes that were defined to be unaffected in eWAT (Supplemental Data Sets S6 and S7). Most of the downregulated iWAT-related genes not affected in eWAT were related to muscle contraction, muscle organ development, and mesoderm development. Of note, these genes were similarly downregulated in iBAT. In total, there were 81 upregulated and 49 down-egulated genes in iBAT after WC compared with HF (q value Ͻ 0.05, fold difference Ͼ 1.2) (Supplemental Data Sets S8 and S9). Among these, 34 upregulated and six downregulated genes were defined to be unaffected in eWAT and iWAT (q value Ͼ 0.95) (Supplemental Data Sets S10 and S11).
Altered clock gene expression in adipose tissues and liver. We next investigated whether WC induced systemic changes that could be detected via common transcriptional responses in adipose tissues. By rank product meta-analysis (8) of all three fat pads (q value Ͻ 0.05 and fold difference Ͼ 1.2 for each depot), we found six transcripts with higher expression and 10 with lower expression after WC compared with HF (Table 4 and Supplemental Data Set S12). Interestingly, four of the 10 common genes exhibited reduced expression after WC-encoded circadian clock transcription factors [albumin D box-binding protein (Dbp), Per2, thyrotroph embryonic factor (Tef), and Nr1d2/Rev-Erb-␤; Table 4 ]. These factors act as negative elements in the circadian feedback loop, whereas the Arntl/ Bmal1 and Clock represent positive elements that activate the negative elements (17, 45) . To further verify the microarray data, we performed qPCR to compare the HF and WC groups (non-parametric test, as the data were not normally distributed). Using the MannWhitney U-test comparing WC and HF, a significant downregulation in eWAT was verified for Dbp (P ϭ 0.005), Tef (variant 2; P ϭ 0.002), Per1 (P ϭ 0.011), Per3 (P ϭ 0.035), and Nr1d2 (P ϭ 0.003) (Fig. 4A) . A similar tendency was observed in iWAT, although the clock genes individually did not show a statistically significant difference in expression between WC and HF (e.g., Dbp P ϭ 0.063 and Per2 P ϭ 0.052; Fig. 4A ).
In the qPCR analysis, we also included the LF group to assess whether clock gene expression was affected by hypercaloric feeding per se and whether there was a stepwise downregulation of clock genes in HF and WC that was dependent on fat mass. Kruskal-Wallis one-way ANOVA showed that there were significant differences in eWAT between the three groups for Tef variant 2 (P ϭ 0.001), Nr1d2 (P ϭ 0.018), Per3 (P ϭ 0.028), Bmal1 (P ϭ 0.001), and Clock (P Ͻ 0.001). There were borderline nonsignificant P values for Dbp (P ϭ Fig. 3 . WC did not worsen glucose tolerance despite fat gain compared with HF. Glucose tolerance test was performed 1 wk prior to euthanization by injecting glucose dissolved in saline into the intraperitoneal cavity (2 g/kg body wt). Blood was drawn from the tail at 0, 15, 30, 60, and 120 min after injection. Data are presented as means Ϯ SE (n ϭ 11/group). LF, low-fat diet. 0.060) and Per1 (P ϭ 0.089). In iWAT, the analysis with multiple testing showed a significant differential expression of Nr1d2 (P ϭ 0.021) and Bmal1 (P ϭ 0.024), whereas there were tendencies toward differential expression of Per1 (P ϭ 0.093), Per2 (P ϭ 0.059), Per3 (P ϭ 0.090), and Nr1d2 (P ϭ 0.059). Interestingly, the decreased positive loop clock gene expression in eWAT was generally specific to WC and not an effect of hypercaloric feeding per se, since expression in WC, weight cycling; HF, continuous hypercaloric feeding. A rank product meta-analysis was performed on rank product microarray data for iWAT (n ϭ 11), eWAT (n ϭ 10), and iBAT (n ϭ 11) comparing WC and HF. Genes with log2 fold change Ͼ1.2, q value Ͻ0.05, and their median signal intensities (quantile normalized Illumina microarray data) are shown. HF was similar (Dbp and Nr1d2) or higher (Per1 and Per3) compared with LF mice rather than reduced (Fig. 4A) . The gene expression changes were observed 24 days after the final energy restriction period to examine lasting changes in clock gene expression in adipose tissue rather than more acute effects due to switches in energy intake. To further assess whether the reduced expression of negative loop clock genes in eWAT was a specific characteristic of weight cycling and not a typical response to body mass gain or hypercaloric feeding, we performed an independent experiment in C57BL/6J (obesity-prone) and SV129 (obesity-resistant) mice. As expected, in response to hypercaloric feeding, the C57BL/6J mice showed significant increases in total body mass (7.2 g, P Ͻ 0.001), eWAT mass (1 g, P Ͻ 0.001), iWAT mass (0.34 g, P ϭ 0.011), and liver mass (0.38 g, P Ͻ 0.001) ( Table 7 ). This was accompanied by a significant increase in circulating cholesterol and leptin levels (P Ͻ 0.001) and decreased adiponectin levels (P ϭ 0.033). On the other hand, SV129 mice showed a significant increase only in eWAT mass (0.31 g, P ϭ 0.016), liver mass (0.37 g, P Ͻ 0.001), and circulating FFA (P ϭ 0.036) ( Table 7) . Comparing C57BL/6J mice on low-fat and high-fat diets, we found no consistent effect on clock gene expression in adipose tissue (Fig. 4A ). There was a significant upregulation of Per3, Bmal1, and Clock mRNA in iWAT but no effect in eWAT, where most of the fat mass was gained. Similarly, comparing SV129 mice on low-fat and high-fat diet, there was a significantly altered expression of some clock genes in iWAT (Per3, Tef, and Nr1d2) but only of one gene in eWAT (Tef). Thus, there was overall no clear difference in adipose clock gene expression between C57BL/6J and SV129 mice at the analyzed time point (Fig. 4A) .
Altered clock gene expression has recently been implicated in metabolic regulation in the liver (14, 20) . Since we found altered clock gene expression in all fat pads, we examined whether these genes were also differentially expressed in liver as part of a systemic effect. There were no statistically significant changes in the expression of clock genes in liver (Fig. 4B) .
Clock genes in adipogenesis. Our primary hypothesis was that weight cycling would promote adipogenesis and subsequently fat storage. However, based on the in vivo data, we could not determine whether clock genes were regulated by adipogenic signals. Therefore, we differentiated 3T3-L1 cells in vitro and compared the mRNA expression of Dbp and Tef at different time points relative to undifferentiated cells. Dbp and Tef are members of the PAR (proline and acidic amino acid-rich) subfamily of basic leucine zipper (bZip) transcription factors together with the third member Hlf (hepatic leukemia factor), which operate as heterodimers (13) . These factors have previously been implicated in lipid metabolism in the liver (14) , but a function for these genes in preadipocyte recruitment and/or terminal differentiation has not been described. We found reduced expression of Dbp and Tef (variant 2) mRNA in cells treated with differentiation stimuli compared with untreated cells beginning at ϳ16 h after induction (Fig. 5, A and B) (Tef variant 1 was expressed at a diminished level). These data suggest that a reduction in Dbp and Tef expression could potentially facilitate early adipocyte development. On the other hand, in the later stage of adipogenesis (from days 5 to 6), expression was higher in the differentiating compared with the untreated cells. Thus, Dbp and Tef may be dynamically involved in the adipogenic program.
We assessed whether any of the individual adipogenic stimuli used for in vitro preadipocyte differentiation might have suppressed adipose tissue Dbp and Tef mRNA in the WC mice. After 24-h treatment of 3T3-L1 cells, we found that IBMX [promoting increased cAMP levels, a key signaling event early in adipogenesis (39, 52) ] was the most potent suppressor of Dbp and Tef expression (Fig. 5, C and  D) . Dexamethasone increased Tef expression (Fig. 5D) ; however, this was completely abolished by simultaneous IBMX treatment (data not shown).
DISCUSSION
In the present study, we show that young C57BL/6J mice experience increased feed efficiency (weight gained relative to energy consumed) after repeated cycles of high and reduced energy intake. This obesogenic effect of weight cycling A q value Ͻ 0.05 from microarray rank product analysis defined a gene as regulated. Genes not regulated were defined by q value Ͼ 0.95. The binomial statistical P values are Bonferroni corrected. Note that only 2 genes were upregulated in iWAT and not eWAT, and there were no statistically significant categories for these genes. appeared to be accompanied by an increase in adipocyte recruitment compared with continuous hypercaloric feeding. Moreover, we performed a comprehensive analysis of gene expression in adipose tissues in response to weight cycling. The key finding is that weight cycling was associated with a persistent alteration in clock gene expression, which was not observed with isocaloric continuous hypercaloric feeding. The clock gene expression was measured 24 days after the final energy restriction phase, suggesting that weight cycling promoted a lasting change in clock gene expression in adipose tissue, possibly as an adaptive mechanism in the regulation of metabolic homeostasis.
There is emerging evidence for a key role of clock genes in energy homeostasis (56) . Nightshift work has been found to increase the risk of obesity and metabolic syndrome (4, 37). Importantly, although central and peripheral circadian rhythms Tissues from all mice in each group were dissected and weighed on the final day of the experiment, and mRNA levels were measured by quantitative PCR (qPCR) relative to Tbp as a reference gene. A: clock gene expression in iWAT and eWAT (n ϭ 11/ group). As a complementary assessment of a WC-specific effect, gene expression was also measured in adipose tissue from another hypercaloric feeding experiment in C57BL/6J mice (n ϭ 5-7/group) and a hypercaloric feeding experiment of obesity-resistant SV129 mice (n ϭ 7/group). B: clock gene mRNA expression in liver relative to Tbp mRNA (n ϭ 11/group). Data are presented as median Ϯ SE. P values were calculated by Kruskal-Wallis 1-way ANOVA for the weight cycling experiment and Mann-Whitney U-test for the complementary experiment. §P Ͻ 0.05 vs. LF; § §P Ͻ 0.01 vs. LF; *P Ͻ 0.05 vs. HF; **P Ͻ 0.01 vs. HF.
are synchronized, peripheral mammalian clocks do not depend on central control (45, 60) , which is also the case for adipocytes (17) . Feeding pattern is a primary factor influencing the autonomous peripheral clock (64), referred to as the foodentrainable oscillator (57) . Disruption of the gene encoding the clock transcription factor Arntl/Bmal1 in hepatocytes (33) and ␤-cells (42) of mice alters glucose metabolism. Members of the period (Per) proteins have also been implicated in lipid metabolism at least in part via direct regulation of PPAR␥ (19, 21) . More recently, clock genes were for the first time causally The results are given as means Ϯ SE (n ϭ 6 -7). P values were calculated by Student's t-test. implicated in adipocyte development, as it was demonstrated that adipocyte-specific knockout of Bmal1 affects feeding pattern and promotes obesity (50) . This effect was explained at least in part by reduced energy expenditure without a change in total energy intake (the mice ate less than normal during the dark phase and more during the light phase). Of note, the circadian factor Nr1d1 (Rev-erb␣) was found to regulate thermogenesis in brown adipose tissue in response to cold exposure (16) . A previous study also showed that knockdown of Bmal1 diminished lipid accumulation, whereas Bmal1 overexpression induced expression of lipogenic genes in 3T3-L1 adipocytes (54) . Additionally, Bmal1-and Clock-deficient mice showed increased fat storage and sensitivity to fasting as well as altered lipolysis and levels of free fatty acids and glycerol (55) . Finally, it was also demonstrated recently that mice lacking the clock gene Cry showed increased selective insulin sensitivity and increased lipid uptake in adipose tissue (5) . These data support a functional involvement of clock genes in the obesogenic response to weight cycling. Our data suggest that the biological clock regulators Dbp and Tef may play a role in adipose tissue development and function. Dbp and Tef are members of the PAR (proline and acidic amino acid-rich) subfamily of bZip transcription factors together with the third member Hlf (13) . Previously, it has been shown that complete knockout of all three PAR members confers differential expression of genes involved in lipid metabolism in the liver (14) and that Tef knockout mice lose more weight during energy restriction than wild-type animals (25) . We observed reduced expression of Dbp and Tef mRNA after weight cycling compared with continuous hypercaloric feeding, which fits with the tendency of upregulated Arntl/Bmal1, as these genes act as negative and positive regulators of the circadian clock, respectively (45) . Furthermore, our in vitro data show that Dbp and Tef mRNA levels are negatively regulated by cAMP, suggesting that a suppression of these genes may promote initiation of adipocyte differentiation, with subsequent development of the newly recruited preadipocytes during hypercaloric feeding.
Whereas weight cycling clearly altered clock gene expression in eWAT compared with continuous hypercaloric feeding, a consistent effect on clock genes was not observed between hypercaloric feeding and the low-fat control or in the complementary hypercaloric feeding experiment in C57BL/6J and SV129 mice in which high-fat and low-fat diet were compared. Of note, the C57BL/6J mice in the complementary experiment gained 1 g of eWAT mass, whereas the HF group in the weight cycling experiment gained on average only 0.14 g relative to low-fat controls. Despite this modest difference in eWAT mass between the controls in the weight cycling experiment, the HF group showed significantly higher expression of Per3, Tef, Bmal1, and Clock compared with the low-fat control. In addition, despite the large increase in eWAT mass in the complementary experiment, clock gene expression remained largely unaltered upon high-fat diet. These data might suggest that hypercaloric feeding and/or increased fat mass per se do not determine clock gene expression in adipose tissue. However, different phasing of the 24-h cycle in the respective experiments might at least in part explain the inconsistent effects of hypercaloric feeding on clock gene expression. A previous study of C57BL/6J mice showed that high-fat feeding overall attenuated the diurnal variation in the expression of Bmal1, Clock, and Per2 mRNA in adipose tissue, but during part of the 24-h cycle there was no differential expression of clock genes (30) . Thus, we cannot rule out that hypercaloric feeding altered clock gene expression at time points other than the one measured in our complementary experiment. The difference in nutritional content of diets between the weight cycling and complementary experiment might also have contributed to different effects on clock gene expression. Nonetheless, our data clearly show that synchronized mice under isocaloric conditions on the same feed exhibit differential clock gene expression that is dependent on feeding pattern, especially in eWAT, where the greatest change in fat mass was observed after weight cycling.
We observed altered clock gene expression 24 days after the final energy restriction cycle, suggesting a lasting effect that might be part of an adaptive mechanism to weight cycling history. Conceivably, the repeated weight cycling may have evoked lasting epigenetic changes, which has been indicated to ensure specificity and plasticity in the regulation of circadian rhythm in response to metabolic cues (1, 43) . Differential histone H3K9 acetylation was identified recently in the promoter region of clock genes such as Dbp, Per2, and Bmal1 in mouse adipose tissue (22) . The mechanism leading to altered clock gene expression could be related to the energy restriction periods, the subsequent regain periods, or both. Our data suggest that weight cycling, rather than hypercaloric feeding and adiposity per se, led to a lasting change in clock gene expression. It is tempting to speculate that this change might have involved the repeated convergence of specific intracellular signals such as insulin and cAMP, although the effect also might have been secondary to, e.g., central mechanisms and/or changes in adipose tissue function.
Leptin is an adipocyte-derived peptide hormone that plays a fundamental role in the plastic regulation of energy balance (66) , with an expression pattern closely related to body fat stores (12) . As expected, leptin levels positively correlated with total fat mass within the group of mice on continuous hypercaloric feeding as well as within the weight cycling group, which was driven primarily by eWAT mass. Interestingly, we found a close correlation between plasma leptin levels and feed efficiency specifically within the weight cycling group and not within the group on continuous hypercaloric feeding, suggesting a role for leptin in the mechanism of greater body mass gain per calorie. However, the role of leptin in feed efficiency is unclear. In contrast to our study, a previous weight cycling study in rats showed suppressed leptin levels 12 wk after the last weight cycle, and this was associated with increased adipose tissue expression of lipogenic enzymes (28) . Moreover, leptin administration in ob/ob mice has been shown to suppress the protein expression of lipogenic enzymes such as fatty acid synthase and ATP citrate lyase (24) , further supporting an inverse relationship between leptin and lipogenesis. However, leptin may function primarily as an important signal during energy restriction to ensure adequate energy stores, and it might have played a role in promoting the compensatory food intake and fat storage in the rebound periods following energy restriction (40) . On the other hand, the sustained increase in leptin levels we observed in the weight-cycled mice at the end of the study might reflect an altered long-term regulation of leptin and a change in the energy balance set point (12).
Previously, it was determined that leptin-deficient ob/ob mice show blunted expression profiles of clock genes in liver and adipose tissue but not in brain, which can be reversed by leptin treatment (2). Thus, it was proposed that suppressed clock gene expression is a result of leptin deficiency rather than being a secondary effect of metabolic abnormalities (2) . However, at the end of our study, we found increased rather than decreased leptin levels and no significant correlation with the mRNA expression of clock genes in adipose tissue (data not shown). These observations might suggest that leptin and clock genes were related to weight cycling by distinct mechanisms in our study.
Despite greater fat mass gain after weight cycling compared with continuous hypercaloric feeding, the weight-cycled mice showed maintenance of circulating adiponectin and free fatty acid levels contrasting the changes in response to continuous hypercaloric feeding. Adiponectin levels are typically reduced in the context of metabolic perturbation in obesity, showing a reciprocal relationship with leptin (3). The maintained adiponectin levels might be related to increased fat storage efficiency in adipocytes, since overexpression of adiponectin in leptin-deficient mice leads to extreme obesity while positively affecting lipid levels and glucose homeostasis (26) . Such a stimulatory effect of adiponectin on fat accumulation might explain why adiponectin did not correlate negatively with fat mass within the weight cycling group, whereas a negative correlation was observed within the continuous hypercaloric feeding group as expected. Maintained adiponectin and free fatty acid levels after increased adiposity due to weight cycling suggest a specific metabolic response relative to continuous hypercaloric feeding. It may also be worth noting that the increased adiposity after weight cycling did not further deteriorate insulin resistance. Interestingly, a relative protection against obesity-related metabolic complications due to feeding pattern was indicated by recent studies showing beneficial effects of time-restricted feeding on metabolic disease (20) and of weight cycling on longevity compared with a steady state of obesity (38) . Of note, the mice on time-restricted feeding showed altered expression of clock genes in the liver.
Moreover, we identified genes whose expression associates with feed efficiency (Fgf13, Tph2, Sfrp5, Ubd, and Lipf) and leptin (Mycl1 and Inmt) specifically within the weight cycling group, particularly in eWAT. However, although these genes were most differentially expressed in eWAT, their expression did not correlate significantly with eWAT mass but rather with iWAT mass within both the weight cycling and hypercaloric feeding groups. Nonetheless, the correlations with feed efficiency and leptin suggest that these genes might be involved in overall fat storage efficiency. Of particular note, a study of genetically identical C57BL/6J mice indicated Sfrp5 as a causal factor in fat mass expansion, since a higher expression in 7-wk-old mice before an obesogenic diet strongly correlated with the level of adiposity after 8 wk of the obesogenic diet (31) . Moreover, Sfrp5 knockout mice are protected from dietinduced obesity, an effect that was related to effects on adipocyte size rather than number. Functional analyses further showed that a lack of Sfrp5 increased mitochondrial activity (47) . Thus, the increased expression of Sfrp5 we observed after weight cycling particularly in eWAT may have directly contributed to increase adipocyte size and adiposity at least in part by suppressing energy expenditure. Additionally, Sfrp5 exerts anti-inflammatory effects on inflammatory cells in adipose tissue, thereby protecting against glucose intolerance and hepatic steatosis (49) , which may have contributed to prevent a further deterioration of glucose tolerance in the context of increased fat mass in the weight-cycled mice. The metabolic effects of other genes with a similar expression pattern as Sfrp5, e.g., Tph2, Fgf13, Ubd, and Lipf, should be investigated further.
The human relevance of our findings is of clinical interest. Experience from clinical practice has shown that avoiding fat regain after fat loss is a major challenge; rather, individuals with a history of weight cycling may regain fat more easily (11) . Therefore, it is debatable whether the focus should be on weight maintenance rather than loss, although the long-term effect of weight cycling on disease risk is unclear (11, 35, 61) . Moreover, accumulating evidence indicates that adipose tissue expandability during energy surplus may determine the pathological outcome by preventing elevated circulating lipids and protecting from ectopic lipid storage in vital organs (62) . Our findings highlight the intriguing regulation of feed efficiency, adding to previous evidence that feeding pattern may ameliorate metabolic syndrome without reducing energy intake (20) . It remains to be determined to what extent clock genes might coordinate metabolic responses in human tissues in the context of weight cycling. Whereas one study of human adipose tissue found no effect of obesity and type 2 diabetes on diurnal clock gene expression (48) , another study demonstrated that clock genes in human adipose tissue show a diurnal expression that relates to adiponectin, leptin, and glucocorticoid-related genes (15) .
The limitations of our study should be considered. First, it is possible that euthanization immediately after the final 10-day ad libitum feeding period, matching the pattern throughout the study, might have better reflected the effect of weight cycling. Although the prolonged period of two additional weeks was chosen to avoid an effect of the last weight cycling rebound phase (such as transient difference in energy intake and metabolic response), 10 days might have been sufficient and more appropriate. This issue may have been overcome by selecting more time points of euthanization, which might have enabled us to determine whether the altered clock gene expression after weight cycling reflected a sustained alteration at multiple time points rather than a transient or random effect at the selected time point. Moreover, our histological analyses were limited to five mice per group and showed large standard errors, and we were unable to determine clearly the relative contribution of adipocyte size and number to the increased fat mass after weight cycling.
There was a significantly lower adipocyte number after hypercaloric compared with low-fat feeding, suggesting the loss of adipocytes on the hypercaloric diet and/or increased adipocyte recruitment on the low-fat feed. In line with our data, a previous study of Wistar rats showed that adding fat to a high-sucrose diet reversed the increase in adipocyte number due to high-sucrose diet alone (7) . It should also be noted that the low-fat group in our experiment gained more weight than anticipated, resulting in no significant difference between lowfat diet and continuous hypercaloric feeding in regard to total body mass. We believe these effects could be due to the relatively high sucrose content of the low-fat diet. Additionally, we kept the mice at 28°C (i.e., close to thermoneutrality), which might also have facilitated fat gain in the low-fat group. Nonetheless, the mice on low-fat diet ate considerably less than the mice on continuous hypercaloric feeding and weight cycling and showed more normal values of several metabolic parameters such as glucose tolerance, hormone levels, and lipid levels. In the complementary feeding experiments, we used low-fat diet with lower sucrose content and found a greater difference in body mass compared with high-fat diet. We note that regardless of the higher than expected fat gain in the low-fat group of the weight cycling experiment, the downregulation of negative loop clock genes was a specific feature of weight cycling compared with isocaloric continuous hypercaloric feeding.
In conclusion, weight cycling increased weight gain per calorie in C57BL/6J mice compared with continuous hypercaloric feeding. The two groups exhibited comparable insulin resistance relative to mice on a low-fat diet. On the other hand, in contrast to mice exposed to continuous hypercaloric feeding, the weight-cycled mice maintained levels of adiponectin and free fatty acids comparable with LF mice. This phenotype was further associated with a change in the expression of clock genes in adipose tissues. Our data suggest that weight cycling may lead to a lasting alteration in peripheral clock gene expression, possibly as part of an adaptive response to repeated fasting/refeeding.
